bound heme stoichiometrically and tightly at micromolar concentrations, generating a strong Soret absorption band as well as a characteristic absorption band in the visible spectrum. The Soret band occurred at the same wavelength and had the same shape as in hemoglobin, exhibiting an intensity greater than % that achieved when native intact ,iglobin is reconstituted with heme. Nearly the full intensity was regained when an equivalent of heme was added to the unfractionated digest, suggesting that the noncovalently associated side fragments add precision to the fit of the heme pocket. Three During the past 2 years, it has been discovered that distinct exons of the heavy and light chain immunoglobulin genes code for each functional element and structural domain within the molecule (5, 6, 15, 16 ). This precise exon-function correlation has provided a stimulus for research to determine whether the correlation is general in eukaryotic proteins. Because the genes coding for several hemoglobins have been extensively investigated and the protein structures are well known, these proteins are ideal candidates for studies along the same lines. Globin genes so far cloned and sequenced consist of five segments, three exons separated by two introns (2) (3) (4) 17) . In terms of the f3-globin sequence, the three exons code for residues 1-30, 31-104, and 105-146, respectively. The corresponding positions in a-globin are 1-31, 32-99, and 100-141.
In contrast to the immunoglobulins, however, the junctions occur within long a-helical segments, and there are no clear structural features that would suggest demarcation into functional domains. Indeed, conformational studies on heme-free chains and on various peptide fragments derived from myoglobin (18) and hemoglobin (19, 20) prior to the elucidation of gene structure have tended to emphasize loss of structure after removal of heme and chemical or enzymatic cleavage. However, Gilbert (9), Blake (14) , and Argos and Rossmann (21) have noted that the product of the central exon contains the proximal heme-binding histidine as well as most of the residues that make contact with heme (22) . The Gilbert hypothesis predicts that the central exon product should bind heme specifically and tightly.
As an extension of our work on structure/function determinants in a-and 0-globin chains (23) (24) (25) (26) , we have performed tests of heme binding to the central exon product. Our results confirm the prediction that the central fragment of the globin chains is a heme-binding domain. They also shed light on other aspects of the relationship between the exon-coded fragments and the structure of the globin chains.
MATERIALS AND METHODS
All chemicals used were highest purity grade. Hemoglobin, separated subunits, heme-free globin chains, and hemin dicyanide solutions were prepared as described (25) . Absorption and circular dichroism spectroscopy of heme-free solutions and reconstituted mixtures were performed at 4°C (25) . Proteolysis. Clostripain (27, 28) (clostridiopeptidase B, EC 3.4.22.8; Worthington) was activated at a concentration of 1 mg/ml in 2 mM dithiothreitol/2 mM CaC12. Digestions were performed at room temperature in distilled deionized water containing 2 mM CaC12 and 2 mM 2-mercaptoethanol. Protein concentrations ranged from 15 to 30 mg/ml and the substrate-to-enzyme (wt/wt) ratio was 150:1. The time of hyAbbreviations: 0 As a superscript to an a or ,B indicates that the chain has no heme attached; h indicates that the chain has heme bound; dansyl, dimethylaminonaphthalene-5-sulfonyl. drolysis ranged from 10 to 60 minutes. Digestions were stopped by making the EDTA concentration of the reaction cocktail 10 mM, lowering the pH to 2 with formic acid, or both. Peptic digestion was accomplished at 370C in 4.5% (wt/wt) formic acid, pH 2.0. Pepsin (Sigma) was incubated with globin at a substrate-to-enzyme (wt/wt) ratio of 100:1 for 60 min. Immediate lyophilization of the digestion mixture was employed to remove formic acid and to stop the reaction. Amino-Terminal Analysis. Dimethylaminonaphthalene-5-sulfonyl (dansyl) chloride, micropolyamide layer plates, and dansylated standards were purchased from Pierce. Aminoterminal residues of peptides were identified as the dansyl derivatives, according to procedures of Gray (29) and of Woods and Wang (30) .
RESULTS
Preparation and Characterization of the Fragments. The arginine distribution in the a and 3 subunits is illustrated in Fig.  1 . Although the heme-containing subunits can be cleaved by clostripain, they are poor substrates (reaction times of hrs) in comparison to the heme-free globin chains. A 10-min clostripain digest of ,B°analyzed on standard NaDodSO4/polyacrylamide gels consists of one diffuse band (apparent molecular weight of 12,000) and a high molecular weight aggregate that does not enter the gel. These associated fragments were resolved by using NaDodSO4/urea/polyacrylamide gels. A time course of the clostripain digestion of ,Bo reveals that the arginyl cleavage of flo is nearly complete after 60 min. To determine the amount of undigested globin chain remaining, a 60-min digest was fractionated on a Sephadex G-75 column in 8 M urea/1 M propionic acid. Less than 8% of intact globin (molecular weight 16,000) remained.
The first evidence that a heme-binding core exists in a clostripain digestion mixture was found when one equivalent of hemin dicyanide was added to a (30 digest and the mixture was fractionated on a NaDodSO4/urea/polyacrylamide gel and stained with a heme-specific reagent. * Heme staining was evident in bands corresponding to aggregates of undigested globin, as well as bands corresponding to molecular weights of 16,000 and 8000.
The various arginyl peptide fragments of ,30 were separated by gel filtration on a Sephadex G-50 column as described in Fig.  2 A 10-min clostripain digestion of 30 mg of /3 globin was filtered through a column (1.5 X 120 cm) of Sephadex G-50 (fine) in 9% (wt/wt) formic acid at 6 ml/hr, monitored at 280 nm, and collected in 1.7-ml fractions. Fractions A-G were pooled separately as indicated, lyophilized, and analyzed. See Table 1 and Fig. 3 for peptide characterization. VO, exclusion volume.
to their molecular weights (see Fig. 2 ). After lyophilization, these fractions were analyzed on NaDodSO4/urea/polyacrylamide gels calibrated with the same molecular weight markers [1000-20,000 (31) ] that were used to calibrate the Sephadex G-50 column. The results are shown in Fig. 3 NaDodSO4/urea/polyacrylamide was found to contain 51%°3 1-loi and 49% /04-10 from the A280 value of a known dry weight of the mixture. Molar extinction coefficients of the separated fragments were similarly calculated according to their amino acid composition and dry weight. Table 2 lists extinction coefficients and wavelength maxima of Soret bands when hemin dicyanide was added in equimolar amounts to the various chains, digestion mixtures, and fragments listed. Included in Table 2 , also, are results using two All samples contained 20 mM potassium phosphate buffer/1 mM EDTA (pH 5.7) and were at 4°C. h refers to hemin dicyanide prepared as described. Globin digest contains less than 8% undigested globin (see text). * Reconstitution of a and /3 globins with hemin dicyanide to give the same Soret extinction coefficients as those of the untreated subunits, a~hand /3h, has been achieved many times in our laboratory. However, to do this requires conditions of pH and ionic strength that were not routinely employed in this study as well as purification of the reconstituted subunits by chromatography, dialysis, and other procedures, as reported elsewhere (25) . t The extinction coefficient reported is due only to the contribution of the /3°digest. The extinction coefficient of the equimolar mixture of a' , /30 digest, and h is 93 mM-1 cm-' and should be compared to the value of 120 mM-1 cm-1 for hemoglobin (see footnote immediately above).
The spectrum of hemin dicyanide in 20 mM potassium phosphate/i mM EDTA (pH 5.7) also has a Xm. at 365 nm. However, this peak changes primarily in intensity, not position, in the presence of heme-binding protein.
controls, a 1-hr peptic digest of /B0 globin, and bovine serum albumin, which forms a strong complex with heme (33) .
The Soret and visible region spectra of the untreated ,30 globin itself, of the central fragment mixture, and of the controls after addition of one equivalent of hemin dicyanide are shown in Fig. 4. In Fig. 4A , the spectrum of reconstituted /0 globin is compared to that of hemin dicyanide. With the exception of the absolute value of the extinction coefficient at 420 nm (see Table 2 , and below), the central fragment mixture, /031-104, 41-104, shown in Fig. 4B , and the intact native /3 globin exhibit virtually identical spectral characteristics upon combination with one equivalent of hemin dicyanide. The Soret maxima of both protein spectra coincide at 420 nm; the widths at half-height of the Soret bands are the same, and the characteristic visible band at 540 nm of the cyanomet complex is also evident in Fig. 4B .
The controls are compared to hemin dicyanide in Fig. 4C , in which it is seen that the peptic digest of /3 globin shows a spectrum that is very similar to that of free hemin dicyanide.
The cyanomethemalbumin spectrum departs substantially from free hemin dicyanide, especially in the red shift of the Soret peak. However, the maximum is at 413 nm, rather than 420 nm. Moreover, the extinction coefficient is much weaker than that of the complex of the central fragment mixture, the width at half-height is broader, and the visible region peak is actually a shoulder of lower intensity than the peak of free hemin dicyanide. In addition, there are discernible qualitative shape differences in the region between X00 and 400 nm, as compared to reconstituted Alh and to the 0031-104, 41-04 heme complex.
As an additional control, (0oiso, the NH2-terminal side fragment, was examined for heme interaction (see Table 2 ). Its spectrum when it was combined with equimolar hemin dicyanide is indistinguishable from that of the free heme compound except in the UV regions in which the peptide itself absorbs. In those regions, the spectra are additive. Fig. 5 The results leave no doubt that both fragments 0031-1o4 and 3041-104 bind heme tightly and with specificity comparable to hemoglobin chains, in terms of spectral features. Thus, the principal prediction of the Gilbert hypothesis (9, 10) for this case is confirmed. In view of the increased extinction coefficient of the digest as compared to the central fragment, it appears likely that the structural features defining the heme pocket are induced by heme binding to the central fragment, but may be made more precise when the side fragments are present, even if not covalently joined. This last conclusion, however, cannot be drawn with certainty until-all the constituent fragments are purified and reconstituted.
Although this work demonstrates tight and stoichiometric binding of heme to the central exon product, several experiments must be done to give further definition to the specificity of the binding and to establish the relationship between the gene element represented by the exon and the expressed protein segment. In addition to purifying all fragments and reconstituting the isolated fragments, it is necessary to understand heme binding to fragments that contain some of the heme contact residues (and the proximal histidine) but that are not the central exon products exactly.
Finally, experiments should be conducted to see whether the central heme-binding fragment binds oxygen reversibly. Furthermore, the distinctive features of oxygenation in hemoglobin are closely coupled with heme-heme interaction (or cooperativity), which requires subunit interfaces and many detailed intersubunit interactions. Eaton has pointed out that the central exon in the f3-globin gene also codes for the residues involved in the aC1-#2 interface, and that the major interactions Biochemistry: Craik et al. Proc . Natl. Acad. Sci. USA 77 (1980) of the ai-Il interface of hemoglobin are in the side exon fragments (36) . This suggests that studies are necessary of the interactions of each of the exon-coded fragments in each chain with the other chain and its domains.
